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Abstract 
This thesis characterizes the size and mirror reflectivity dependent optical loss in 850 nm vertical 
cavity surface-emitting lasers (VCSELs) to optimize future VCSEL designs.  A theoretical and 
experimental study of the excess optical loss in small diameter VCSELs with varying output 
coupling mirror reflectivity is presented. The size-dependent loss is measured using an optical 
technique where the subthreshold mode spectral splitting is input into a simple fiber wave-
equation analysis to extract the imaginary component of the refractive index in the oxide aperture 
region, which clads the VCSEL core. In general the optical loss, as measured from the effective 
index confinement of the oxide aperture, increases with decreasing oxide diameter. In addition 
the optical loss, for the smallest oxide diameters, increases with increasing mirror reflectivity. In 
comparison for broad area lasers, the mirror loss will increase with decreasing mirror 
reflectivity. A 2-dimensional simulation of mode profiles suggests the optical loss increases as 
the mirror reflectivity is increased due to the longer optical path length in the higher reflectivity 
mirrors.  
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Chapter 1 
 
Introduction and Background 
Vertical cavity surface emitting lasers (VCSELs) are semiconductor diode lasers that can 
be found in many applications. VCSELs are microcavity lasers with cavity diameters varying 
from a few to tens of microns, which emit light in the visible to the infrared portion of the 
electromagnetic spectrum [1-2]. They yield an optical power on the order of less than one to 
hundreds of milliwatts, which is impressive for a laser that has such a relatively small optical 
cavity volume [3].  The short vertical cavity, typically less than one wavelength, in VCSELs 
gives them unique spectral characteristics and their planar geometry with surface normal 
emission provides both manufacturing and application advantages [4-6]. 
The primary application of VCSELs to date is as the optical source for short-haul 
transmission of data using light pulses transmitted through optical fiber [4,7].  For instance, 
VCSEL-based optical interconnects are used by the hundreds of millions in data centers as a way 
of communicating and distributing digital information between servers, which store digital 
information that is accessible through the internet [7]. Other applications for VCSELs have also 
significantly increased in the past two decades. For example, VCSELs are employed in laser 
printers, optical computer mice, and in optical sensing applications [4,5,8]. 
Understanding how the VCSEL performance scales with cavity size can be an important 
issue for VCSEL applications. Recent examples of high speed digital modulation in excess of 50 
Gbps have utilized small diameter (≤ 5µm) oxide apertures [9,10]. Furthermore, the reflectivity 
of the output coupling distributed Bragg reflector (DBR) mirror is a design parameter used to 
control the tradeoff between threshold and maximum output power. For broad area lasers, the 
mirror loss will increase with decreasing mirror reflectivity (fewer DBR periods). 
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This thesis will discuss the fundamentals of the design, fabrication, and characterization 
of VCSELs emitting at 850 nm. Specifically, a theoretical and experimental study of the excess 
optical loss in small diameter VCSELs with varying mirror reflectivity will be presented. 
Characterization of the cold-cavity optical modes is used to extract the optical loss. Additionally, 
VCSEL simulations are used to motivate experimental measurements, and to suggest the origin 
for the size and reflectivity dependence of the optical loss. 
 
General Laser Structure 
In order to investigate optical loss in a semiconductor laser diode, the source of the laser 
emission, which consists of stimulated emission and spontaneous emission, must first be 
examined. Consider a semiconductor with a conduction electron energy band and a valence 
electron energy band separated by a bandgap of E, as shown in Figure 1. Spontaneous emission, 
shown on the left side of Figure 1, occurs when an electron in the conduction band transitions to 
an available state in the valence band. This process generates a photon with equal energy as the 
band-to-band transition given approximately by the bandgap energy.  On the other hand, 
stimulated emission, as depicted on the right side of Figure 1, occurs when in the presence of a 
photon with energy E, an electron from the conduction band transitions to an empty state in the 
electron 
photon 
energy E 
E 
Conduction Band 
Valence Band 
Spontaneous Emission 
electron 
Stimulated Emission 
2 photons 
energy E 
photon 
energy E 
Figure 1: Diagrams of spontaneous emission (left) and stimulated emission 
(right) in a two level system separated by a bandgap energy, E.   
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valence band creating an identical photon [11]. The initial photon forces the generated photon to 
have the same energy, direction, and polarization, which creates coherent radiation. If a material 
is spontaneously emitting light, the wavelengths emitted tend have a broad range. In comparison, 
if a material is emitting in the stimulated regime, the spectrum is narrow due to the optical 
feedback from the cavity selecting the allowed optical modes [5]. When the stimulated emission 
exceeds spontaneous emission inside an optical cavity, the laser has reached threshold, which 
can be determined from measurements of the power and the spectrum of the light emission. This 
distinction between spontaneous and stimulated emission is important for the experimental 
measurements discussed in Chapter 4. 
The objective of designing a laser is to achieve stimulated emission. To accomplish this, 
as already mentioned an optical cavity is necessary. A common geometry for a laser cavity is 
two plane mirrors surrounding a gain medium. This structure forms what is called a Fabry-Perot 
cavity, and is shown in Figure 2. The gain 
medium provides the light amplification, while 
the mirrors serve as a feedback system, which 
leads to high photon density in the cavity from 
stimulated emission. One of the mirrors has a 
lower reflectivity than the other to allow 
photons to leave the cavity in the desired direction. It is the light exiting the device that we 
observe as the laser beam, and thus this loss of light is called the mirror optical loss [11]. The 
circulating light within the cavity can also be absorbed by intra-band transitions (which do not 
contribute to radiative transitions), and is called the cavity absorption loss. 
Mirror Mirror 
Gain Medium 
Figure 2:  Fabry-Perot laser schematic 
with gain medium, excitation, and optical 
cavity. The red lines indicate the photon 
path.    
4 
 
The wavelength of the light emitted by the laser is determined by the cavity resonances 
which overlap the bandwidth of the optical medium.  For a semiconductor gain medium to 
provide amplification, the electrons must be stimulated to occupy the conduction band, leaving 
vacancies in the valance band. Exciting the electrons within a semiconductor gain region is done 
with another laser (optical pumping) or by flowing current through an electrical junction 
(electrical pumping) [11,12]. In this thesis, forward biased VCSEL diodes are characterized 
where electrons injected from the n-type region radiatively recombine with holes injected from 
the p-type region. The diode injection current that produces photons through stimulated emission 
at a rate equal to that of photon loss (i.e. equal to the cavity absorption loss and the mirror loss) is 
called the threshold current [6].  
 
General Laser Spectrum 
 The spectrum of a laser is composed of both spontaneous and stimulated emission. The 
contribution from stimulated emission results in several spectral peaks that appear at particular 
wavelengths, corresponding to the optical modes of the laser cavity. There are two types of 
cavity optical modes: longitudinal and transverse. The longitudinal optical modes, which are in 
the propagation direction of the cavity, originate from the resonances of the laser cavity. 
Transverse optical modes perpendicular to the propagation direction are correlated with the 
transverse electric and magnetic fields [12]. Transverse modes are closely spaced in wavelength 
and are dependent on the refractive indices and dimensions of the laser cavity. The dominant 
lasing mode will have the largest spectral overlap with the gain spectrum and the largest spatial 
overlap between the mode and the gain region [6]. In the case of VCSELs, only a single 
longitudinal mode will overlap with the gain spectrum; therefore, VCSELs never emit more than 
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one longitudinal mode. However, oxide-confined VCSELs tend to emit into many transverse 
modes due to their relatively broad transverse dimension. These transverse modes are typically 
separated by less than half a nanometer in wavelength and produce a narrow lasing spectrum [4-
6]. Hence, only one longitudinal mode can lase in a VCSEL, but multiple transverse modes can 
lase simultaneously.  
The optical gain spectrum and mode spectrum both spectrally shift to longer wavelengths 
as temperature increases during operation. For example, increasing the injection current into a 
VCSEL will lead to parasitic heating that increases the junction temperature and causes the 
lasing spectrum to red-shift. Simultaneously, the higher temperature leads to increased refractive 
index and thus the optical path expands, which also causes the mode spectrum to red-shift. 
Therefore the cavity modes dictate the VCSEL emission, and these modes play a key role in 
experimentally determining loss, which is addressed in Chapter 4. 
 
Edge-Emitting Lasers vs. VCSELs 
 To appreciate the advantages of the VCSEL, a comparison can be made to its 
semiconductor diode laser counterpart, the edge-emitting laser. Edge-emitting lasers typically 
have greater cavity volume because of the length of their horizontal cavity. With the vertical 
cavity design, VCSELs take up less semiconductor real-estate during fabrication. This, in turn, 
allows more VCSELs to be produced from a wafer as compared to edge-emitting lasers, 
contributing to the cost effectiveness of VCSELs.  When edge-emitting lasers are fabricated, the 
mirrors are created using a cleaving process when fabrication is nearly complete.  The VCSEL 
mirrors are built into the epitaxy design when the structure is grown.  This feature allows 
VCSELs to be tested throughout the fabrication process, while edge-emitters can only be tested 
6 
 
near the end of fabrication. The ability to test the VCSEL during its fabrication allows processing 
failures to be detected sooner, saving time and money [4,6]. The unique VCSEL lasing spectrum 
was discussed above, where the single longitudinal, but multi-transverse emission leads to a 
relatively narrow laser linewidth. This inherent feature is advantageous for many applications 
that benefit from narrow linewidth and high modulation speed, such as digital light sources for 
optical fiber communication [5]. Additionally, the beam cross-section of an edge-emitting laser 
is elliptical, while that of a VCSEL is circular, the latter of which is more beneficial for coupling 
light into optical fibers.  Finally, compared to an edge-emitting laser, the VCSEL emission 
wavelength is less temperature sensitive [4,5]. 
 
VCSEL Structure 
 As noted previously, VCSELs are composed 
of two DBR mirrors that surround a gain medium. 
Since the optical standing wave inside the VCSEL 
has a very small overlap with the quantum well 
gain region, there is little gain per pass, and thus the mirrors of the VCSEL need to have an 
extremely high reflectivity (> 99%) in order for the device to achieve lasing threshold [4-6]. 
DBR mirrors are periodic structures where each period is composed of two distinct layers with 
differing value of refractive index, as shown in Figure 3. This thesis will examine 850 nm 
wavelength VCSELs, whose DBR mirror layers are AlxGax-1As with varying thickness and 
atomic composition, x. The high aluminum layer of the DBR has a lower refractive index than 
that of the low aluminum composition layer.  The difference in refractive index causes a portion 
of the light to be reflected at the interface between the two DBR layers. Each layer of the DBR is 
𝜆
4𝑛1
 
𝜆
4𝑛2
 
𝑛1 
𝑛2 
Figure 3: Layers of one DBR period. 
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an odd multiple of a quarter wavelength thick divided by the refractive index of the respective 
layer, 
𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ
4∗𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥
, where the wavelength corresponds to the nominal VCSEL emission 
wavelength. The DBR layer thicknesses are designed such that a peak or a null of the standing 
wave pattern falls at the interface between the two layers. Since each DBR period has a thickness 
proportional to half a wavelength, the partial reflections from each DBR period add up 
constructively to produce an overall high value of mirror reflectivity.  The greater the index 
difference between the two layers, the higher the reflectance of the interfaces, and thus fewer 
DBR periods are needed to achieve a given value of reflectivity. Furthermore, for a given index 
difference, increasing the periods of the DBR will lead to increased reflectivity [4-6].  
The equation for determining the reflectance, R, of a DBR mirror with N periods is: 
𝑅 = |
(
𝑛2
𝑛1
)
2𝑁
−(
𝑛1
2
𝑛0𝑛𝑡
)
(
𝑛2
𝑛1
)
2𝑁
+(
𝑛1
2
𝑛0𝑛𝑡
)
|
2
. (1) 
The variables 𝑛1 and 𝑛2 correspond to the low and high refractive index layers respectively. The 
substrate refractive index is 𝑛𝑡, while 𝑛0 is the index of whatever bounds the top of the DBR [5]. 
Equation 1 explicitly shows that increasing the number of periods produces higher reflectivity 
[5,6]. For most oxide-confined VCSELs, the injection current is conducted through the DBR 
mirrors where one is doped n-type and the other is p-type. The compositional change between 
the DBR period layers is usually not abrupt, but rather is compositionally graded.  The 
compositional grading between the high and low index layer of the DBR reduces the series 
resistance of the laser caused by the variation of the bandgap for transport of electrons and holes 
through the n-type DBR and the p-type DBR, respectively.
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 The gain medium in a VCSEL is composed of multiple quantum wells. Consider a lattice 
matched heterostructure made of two semiconductors, for example GaAs (well) and AlGaAs 
(barriers), where the well is between the two barriers. Since the bandgap of GaAs is smaller than 
that of AlGaAs, the conduction and valence bands are arranged roughly as shown in Figure 4, 
creating heterojunction potential wells to confine electrons and holes. The quantum well carrier 
confinement helps facilitate recombination, and therefore photon emission. The quantum well 
(barriers) of an 850 nm VCSEL are composed of GaAs (AlxGax-1As). There are typically three to 
five quantum wells that provide the gain, and are positioned where the longitudinal mode has an 
antinode. Although there is more gain in the laser with more quantum wells, each added well 
provides less of an increase in modal gain since the overlap with the longitudinal mode decreases 
[5,6]. The number of quantum wells is also limited by lattice strain constraints. The bandgap of 
the well material, in conjunction with quantum confinement, primarily determines what 
wavelength of light the laser will produce.  
electrons 
holes 
Potential 
AlGaAs 
Barrier Material 
AlGaAs 
Barrier Material 
GaAs 
Well Material 
Figure 4: 
Illustration of 
electron (filled 
circles) and hole 
(open circles) 
confinement in a 
quantum well. [9] 
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Figure 5 shows the side-view of the VCSEL structure consisting of a top p-contact, upper 
DBR mirror, the gain region with quantum wells, lower DBR mirror, substrate and a bottom n-
contact.  The upper DBR mirror is usually p-doped and the lower DBR is n-doped to form an 
electrical-diode with the quantum wells positioned within the depletion region of the diode. 
When a bias is applied across the top and bottom electrical contacts, electrons and holes are 
injected into the quantum wells within the junction for efficient radiative recombination. There 
are two methods of confining current within the laser cavity: oxide confinement and ion 
implantation. The latter method involves bombarding the epitaxial structure with ions to increase 
the resistance around the periphery of the device [4-6]. Oxide-confined VCSELs have a special 
layer with the highest Al content (denoted green in Figure 5), usually within the last few periods 
of the boundary between the upper DBR and the active region. AlGaAs is known to oxidize, 
accompanied by a significant reduction of its refractive index, where the rate of oxidation is 
dependent on the Al-content. Oxide-confined VCSELs take advantage of this by selectively 
oxidizing one or more highest Al-containing layer(s) transversely surrounding the laser cavity. 
The low index of the oxide surrounding the laser cavity provides confinement for both photons 
and electrons inside the VCSEL leading to lower laser thresholds [5,6]. The ion implanted 
VCSEL is an older technology that has yielded very high device reliability but lacks inherent 
optical confinement. The characterization of oxide-confined VCSELs is discussed in Chapter 4.   
 
Bottom n-type 
DBR 
Active Region 
Top p-type 
DBR 
Bottom Contact 
Semiconductor 
Substrate 
Oxidized Layer 
Semiconductor 
Cap 
Top Contact 
Figure 5: Schematic of an oxide-
confined VCSEL. The color change 
between the layers shows the 
variation of refractive index; the 
darker layers have a higher 
refractive index. The contacts are 
shown in yellow. 
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Optical Loss 
The optical loss in a laser must be overcome before stimulated emission can be achieved. 
The focus of this thesis is how optical loss is affected by the reflectivity of the output mirror of a 
VCSEL, particularly for small cavity diameter. The equation for threshold gain, 𝑔𝑡ℎ, is: 
Γ𝑔𝑡ℎ = 𝛼 +
1
2𝐿
ln (
1
𝑅1𝑅2
)    (2) 
where Γ is the confinement factor, 𝛼 is the absorption loss, L is the cavity length, and R1 and R2 
are the mirror reflectivities [6]. The first term in Equation 2 corresponds to the light that is 
scattered or absorbed within the cavity and assumes that this loss is uniformly distributed in the 
cavity; the second term corresponds to the light which escapes the cavity through the mirrors 
(primarily the output mirror). The mirror loss is also expressed as a distributed loss (units of 
inverse length). The largest source of optical absorption is free carrier absorption arising from 
the excess carriers in the n-type and p-type doped regions. The reflectivity values for the DBR 
mirrors can be calculated knowing the number of periods from Equation 1 [6]. It might be 
expected that increasing the number of periods of the output mirror (higher reflectivity) should 
lead to lower mirror loss and thus lower threshold gain. However, not only does the mirror 
reflectivity change with increasing the number of DBR periods, but the optical path length and 
the free carrier absorption change as well. 
 Figure 6 plots the mirror loss, using Equations 1 and 2, as a function of the number of 
periods used in the output DBR mirror, which shows an exponentially decreasing behavior for 
increasing number of DBR periods, as expected.  The first AlxGax-1As DBR layer closest to the 
active region has x = 0.98, while the second layer has an x = 0.12; all subsequent periods have a 
low index layer with x=0.92. The effective cavity length is approximately 1 μm.  The absorption 
loss in Equation 2 is assumed to be a constant value per unit length, and thus at some number of 
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DBRs the absorption loss will exceed the mirror loss. For example, with absorption equal to 10 
cm-1, we conclude from Figure 6 that absorption loss will dominate for VCSELs with 
approximately 21 periods or larger in the output coupler mirror. 
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Chapter 2 
VCSEL Fabrication 
  In this chapter the fabrication of oxide-confined VCSELs is described. The methods 
discussed for fabricating the VCSELs are specific to the Photonic Device Research Group at the 
University of Illinois, but employ conventional semiconductor processing steps.  The VCSEL 
samples were fabricated following the described procedure for subsequent experimental 
characterization to be discussed in Chapter 4. Before VCSEL fabrication can begin, an epitaxial 
VCSEL wafer must be obtained. The epitaxial wafer structure contains most of the VCSEL 
components, except for the electrical contacts and without definition of the individual devices. 
The VCSEL wafers employed are typically grown by metalorganic chemical vapor deposition 
(MOCVD). This epitaxial growth process starts with a blank GaAs substrate and uses flow 
controlled metalorganic precursor gases that are introduced to the substrate in the growth reactor. 
The gases react with one another and the substrate, leaving behind on the substrate the desired 
semiconductor layers with specific elemental composition and thickness [1].  The AlxGax-1As 
alloy system is a common material system from which VCSELs can be fabricated because the 
alloys are nearly lattice matched across the full compositional range and yet wide variation of 
bandgap and thus refractive index can be achieved. The precise control of the composition and 
thickness of the constituent layers within the VCSEL is necessary to ensure proper laser 
operation. 
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 Once the VCSEL wafer is grown, it can be processed into laser diodes at the wafer level. 
The major steps of fabrication are presented in Figure 7. The first step is the deposition of a n-
type electrical contact to the bottom side of the wafer. Au/AuGe/Ni metal layers are deposited 
with an electron beam evaporator to form an ohmic contact. For this broad area metal 
evaporation, the sample is put into a vacuum chamber above a crucible of the desired metal. The 
metal is then melted and evaporated using an electron beam. The vaporized metal atoms deposit 
onto the sample. After the cathode metal deposition, the top anode contact must be defined, 
following the procedures outlined in Figure 8. First photoresist (PR), a photosensitive chemical, 
is applied on the wafer surface using a spinner.  After the PR is cured on a hotplate, a contact 
1) Starting Wafer 
 Structure 
2) Adding Contacts 3) Mesa Definition  4) Oxidation 
Figure 7: Fabrication process schematic showing how the structure changes at different 
steps. The internal wafer structure matches Figure 5. 
1) Wafer coated  
with PR 
4) PR removed 
with acetone 
3) Contact 
 deposited 
2) Exposed and 
developed PR 
Figure 8: Illustration of top contact photolithography process steps. The wafer is 
depicted in gray. PR is shown in red and the contact metal is in yellow. 
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lithographic aligner is used to transfer the pattern for the top contacts, and thus the area of the 
wafer not covered by the mask is exposed to UV light. After development of the PR, what 
remains on the wafer surface is a PR pattern with openings that define the metal contacts. The 
process of spinning on PR to developing the mask pattern is referred to as photolithography. 
After defining the contact geometry, the next step is to deposit the p-type contact on the top of 
the wafer. This is again preformed utilizing electron beam evaporation for p-type ohmic contacts, 
requiring the deposition of Ti/Au layers.  After the metal deposition, the photoresist is removed 
with acetone, which causes the overlaid metal to be removed; this process is called “liftoff.” 
What remains on the wafer after liftoff is the top contact metal.  
Next, it is necessary to define the individual lasers and to isolate the laser cavities from 
one another.  Using photolithography the device mesa is defined, this time protecting where the 
devices will be with a photoresist mask.  The PR mask is aligned to cover the top electrical 
contacts. Next, reactive ion etching (RIE) with SiCl4 gas is used to remove the exposed regions 
on the wafer. To perform RIE the sample is put into a vacuum chamber. After evacuation, the 
etching gas is allowed to flow into the chamber and is ionized to produce a plasma. The reactive 
ions from the plasma bombard and react with the exposed wafer sample to remove the 
semiconductor material [2,3]. The reason for using this etching method is the predominantly 
anisotropic nature of RIE which produces vertical mesa sidewalls. The etch rate is highly 
material dependent, so the photoresist etches at a far slower rate than the epitaxial VCSEL layers 
[3]. The VCSEL sample is etched through the top DBR mirror, gain region, and into the lower 
DBR mirror to electrically isolate the devices and to expose the high Al-containing layer in the 
sidewall of the mesas for oxidation. During the RIE process, a visible laser beam is incident on 
the sample and the time-varying reflectance is recorded. As the various layers of the VCSEL are 
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exposed to the plasma and subsequently removed, the reflectivity of the surface changes. Hence 
from the reflectance signal the depth of the etch can be determined, thereby enabling control of 
the etch depth. After etching is complete, the photoresist is removed to yield VCSEL mesas.  
The last step of fabrication is to form the oxide apertures within the VCSEL mesas to 
provide confinement of both the injection current and light. The wet oxidation of high Al-content 
layers is performed by putting the sample in a furnace at approximately 420°C with flowing 
water vapor. The oxidation of the AlxGax-1As layers initiates at the mesa sidewall and proceeds 
inward into the mesa. The oxidation rate of the various AlxGax-1As layers is exponentially related 
to the Al content, x, as well as slightly dependent on the layer thickness [4]. During the growth 
of the VCSEL wafer, specific layers within the VCSEL were chosen to serve as the oxide 
aperture by using the highest content of Al. The VCSEL mesas are defined as squares with side 
lengths ranging from 30 μm to 100 μm in steps of 0.5 µm or 1 µm. The oxidation time is chosen 
such that the high Al-content layer is completely oxidized through the smallest mesas. The first 
mesa that electrically conducts thus has an un-oxidized square aperture that is less than or equal 
to 0.5 µm (1 µm) on a side. Hence the varying mesa sizes produce a range of oxide aperture 
sizes. Figure 9 displays an image of a completed VCSEL sample. The rings on this sample are 
contours from the exposed DBR layers that arise from the somewhat slower etch rate in the 
20 μm 
Figure 10: Top view 
of a lasing VCSEL. 
Figure 9: Image of a VCSEL wafer sample after 
fabrication has been completed.  
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middle of the sample as compared to the edge. An optical image of a lasing VCSEL within a 
square mesa is shown in Figure 10, and a scanning electron microscope image of a completed 
VCSEL is displayed in Figure 11. 
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10 μm 
Figure 11: SEM image of a completed VCSEL.  
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Chapter 3 
VCSEL Simulation 
This thesis focuses on the loss characteristics in a VCSEL when the number of upper 
DBR periods is changed. In this chapter, the simulation of VCSEL devices is used to compare 
the properties of VCSELs with differing reflectivity in the top (output) mirror. A commercial 
software package, LaserMOD, is used to simulate the optical and electrical properties of an 850 
nm VCSEL. The simulations are based on the well-established equations governing the physical 
processes within the VCSEL, such as the Helmholtz equation (see Equation 3 in Chapter 4). 
While the VCSEL models and the required parameters are not yet sufficiently developed to 
provide an exact match with experimental measurements, the software is sufficiently complex 
qualitatively show trends. 
LaserMOD uses a computer-aided design interface in conjunction with input parameters 
to construct models for simulation.  There are two simulation regimes; for the 1-dimensional 
simulation, the transverse dimensional is infinite and plane waves are assumed.  For the 2D 
simulation, the input model assumes a cylindrical geometry and the oxide aperture size is an 
important input parameter. Figure 12 is an image of one of the input structure used for simulating 
the VCSELs, where the x and y directions are as indicated. Due to the sensitivity of both the 
thickness and refractive index of the high and low index layers of the DBR, as well as 
compositional grading between these layers as discussed in Chapter 1, it is challenging to model 
an exact epitaxial VCSEL design.  Instead, the input VCSEL structure that is used for modal 
analysis is a simplified generic 850 nm VCSEL. In addition, the software assumes circular 
mesas, while as discussed in Chapter 2, the fabricated VCSELs have square apertures. However, 
these discrepancies between the input model and the fabricated VCSELs should not be a concern 
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when considering the trends in VCSEL behavior.
1D Simulation 
The primary benefit of using the simpler 1D simulation is that it allows for far more 
points to be included in the longitudinal direction compared to 2D simulations.  In the 1D regime 
the Transfer Matrix Method (TMM) is applied for solving the mode profile. The TMM uses a 
series of matrices multiplied together, each matrix describing the transmission and reflection of a 
wave incident on a surface or passing through a material.  The transmission and reflection can 
easily be extracted at any position in the VCSEL structure. The mode simulation yields field 
amplitude as a function of the y position, which is the direction of light propagation. For the 1D 
simulation, plane waves are assumed in the other two orthogonal directions, so no traverse mode 
effects or optical loss from the aperture can be included. Nevertheless, the plane wave optical 
loss as determined from the longitudinal mode will show the effects of varying the DBR periods. 
X 
Y 
Figure 12: An input VCSEL model used 
for LaserMOD simulation. This model has 
25 upper DBR periods and an oxide 
aperture size of 3 μm.  The gray areas of 
the structure are insulators. The cyan 
portions are the contacts. The yellow and 
purple structures are DBRs. The dark blue 
section is the active region with the 
quantum wells. The red segments is 
semiconductor. The y-axis corresponds to 
the longitudinal direction, while the x-axis 
is the transverse direction. 
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In this thesis, only the first order Gaussian mode is simulated.  The first order mode is sufficient 
for examining the loss behavior in this case.  Simulations were performed for 21, 23, and 25 
periods in the upper DBR mirror, corresponding to experimental results in Chapter 4. 
 The longitudinal mode profile for the 21 and 25 period VCSELs are depicted in Figure 
13. The plots in Figure 13 show the normalized intensity (the square of the field amplitude) of 
the mode as a function of position in the direction of propagation. Figure 13(a) illustrates that the 
longitudinal mode for both cases varies as expected with the periodicity of the DBR mirrors, but 
Figure 13:  Longitudinal mode profiles from the 1D LaserMOD simulation. The red 
curves correspond to the 21 upper DBR period case and the blue curve corresponds to the 
25 upper DBR period case. (a) Full profile view. (b) Zoomed portion of the mode profile, 
black lines mark the boundaries of the oxide layer. (c) Enlarged portion of mode profile 
near the top surface; note the extension of the 25 period mode profile. (d) Magnified peak 
that falls in the center of the active region of the VCSEL. 
a) b) 
d) c) 
red 
blue 
blue 
blue 
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the mode intensity is highest near the active region, as expected. In Figure 13(a) we can estimate 
the length of the cavity in which the mode is greater than half its maximum value, which 
corresponds to roughly 1µm, confirming the assumption made for Figure 6.  Figure 13(b) 
displays the oxide layer, bordered by black lines and the upper DBR.  Both Figure 13(b) and 
Figure 13(d) demonstrate how little difference there is between the 21 and 25 DBR period cases. 
An enlarged comparison of the modes near the top surface are shown in Figure 13(c). Apparent 
in Figure 13(c) is that the mode profile for the 25 period model extends farther in the direction of 
propagation as compared to the 21 period model. As obvious as this seems, the greater optical 
path length of the 25 period VCSEL implies that this longitudinal mode overlaps more doped 
semiconductor, and is thus subject to greater free carrier absorption as compared to the 21 period 
VCSEL. This will have critical importance regarding the comparison of loss for varying DBR 
periods and leads to the hypothesis discussed in Chapter 4. 
 Since the longitudinal modes shown in Figure 13(a) are virtually identical in the lower 
DBR mirror, it is the mode profile in the upper DBR that is the focus of comparison between the 
two models. First, the integral of each un-normalized curve is computed using Riemann sums, in 
order to quantify the portion of the mode overlapping the upper DBR, including the oxidation 
layer. From these values, the relative percentage of the longitudinal mode in the upper DBR is 
calculated. For the 25 period model, 38.12% of the longitudinal mode overlaps the upper DBR.  
For the 21 period model, this quantity decreases to 37.89%. To be explicit, the 25 period model 
has 0.23% more of its mode distributed in the upper DBR than does the 21 period model. In 
effect, the extended upper DBR shifts the longitudinal mode more into the p-type DBR mirror. 
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2D Simulation 
 1D simulations show an increase of the longitudinal mode profile inside the upper DBR 
mirror with increasing number of mirror periods. To investigate the influence of the transverse 
mode profile, a more complex 2D simulation is implemented. For the 2D optical mode profile 
simulation, only one LP mode was included: the lowest order fundamental Gaussian mode. In the 
2D regime, LaserMOD uses the finite element method (FEM) to calculate the mode profile. The 
FEM subdivides the 2-dimensional cross-section into sections and uses differential equations 
with appropriate boundary conditions to calculate a valid solution. The result of the LaserMOD 
FEM simulation is the intensity values in the transverse direction and along the direction of 
propagation for each mode(s). Examples of the LaserMOD output are shown in Figures 14 and 
15.  Unfortunately, convergence of the simulation to a realistic solution can sometimes be 
challenging, so knowing what the modes should look like is imperative. For this reason and 
simplicity, only the lowest order mode is allowed in the 2D simulation. Moreover, small aperture 
diameters of are particular interest, which typically are single mode, but the smallest aperture 
sizes often will not yield a valid lasing solution. For the calculations below, a 3 μm diameter 
oxide aperture size is implemented.  
Figure 14:  LaserMOD 
generated output for the 2D 
first order mode simulation.  
The case simulated here has 
25 upper DBR periods and a 
3 μm aperture size. Color 
represents normalized 
intensity. The white bands 
outline the structure of the 
layers in the VCSEL model. 
The particularly large band of 
white is the location of the 
quantum wells in the active 
region.  
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Next, this work presents the results from the 2D LaserMOD mode simulation. The 
LaserMOD input data is the refractive index structure of the VCSEL profile on a 2D grid with 
the appropriate spacing, which will discussed further, below.  The 2D simulation results are the 
mode profiles in the longitudinal and transverse directions, but they do not take into account 
polarization. Figure 15 displays the mode profile for the VCSEL with 25 period upper DBR and 
a 3 µm diameter oxide aperture. In Figure 15(a), the z-axis is the normalized intensity and the x 
and y axes are the transverse and longitudinal directions, respectively (as depicted in Figure 12). 
The other plots in Figure 15 are different views of the modal profile, to provide a clearer picture. 
A similar calculation is done for a VCSEL with a 21 period upper DBR. 
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Figure 15:  Three-dimensional intensity 
plots of the lowest order mode profile from 
the 2D LaserMOD simulation for a 25 
period upper DBR VCSEL with 3 μm 
aperture. The x and y axis labels match the 
convention in Figure 11. The intensity is 
normalized and the x and y axes have units 
of μm. The active region is at 
approximately y= 4.933 µm. (a) 3D profile. 
(b) Intensity profile in transverse x-
direction. (c) Intensity profile in 
longitudinal y-direction. (d) Enlarged 
cross- section image of lowest order mode. 
a) 
b) c) 
d) 
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Figure 16 shows a comparison of those calculations by overlaying the modal profiles in 
the longitudinal (Figure 16(a)) and transverse direction at the center of the optical cavity (Figure 
16(b)). There is no discernable difference in the transverse modal profiles, but the extension of 
the longitudinal mode for the 25 period VCSEL persists. Because of the differences in length of 
the two VCSELs, a grid issue can be accounted for, as discussed in the next section. An estimate 
of the mode profiles overlapping the top DBR mirror can be extracted from the data. The 25 
period VCSEL has 39.70% of its longitudinal mode profile in the upper DBR, while the 21 
period VCSEL has 39.49% of its longitudinal mode profile in the upper DBR. Thus, the 25 
period VCSEL has 0.21% of the longitudinal mode overlapping the upper mirror, which is 
essentially the same result from the 1D simulation.  
It can be concluded from LaserMOD simulations that the longitudinal mode is most 
affected by increasing the number of periods in the top DBR. Due to the increased optical path 
length that accompanies the increased reflectivity, optical absorption should increase. Therefore 
as discussed in Chapter 1, the performance tradeoff is that for increasing number of DBR periods 
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Figure 16:  2D simulation mode intensity profiles for the 21 (red) and 25 (blue) period 
VCSEL: (a) Longitudinal mode. (b) Transverse mode at y=4.933, the center of the 
quantum wells. Note the curves are indistinguishable. 
a) b) 
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used for the VCSEL output coupling mirror, the mirror optical loss will monotonically decrease, 
but the absorption loss stays constant, as shown in Figure 6. Thus for some number of periods 
and higher, the absorption loss becomes the dominant effect. 
 
Simulation Limitations 
 It is important to keep in mind that there are limitations to the LaserMOD software that 
affect the simulation results. Both 1D and 2D simulations are dependent on a non-uniform spatial 
grid that is superimposed over the VCSEL structure model.  The total number of grid points and 
the density of this grid change the calculated results, and thus the accuracy of the simulations. 
There are limits to the total number of grid points based on available memory and run time of the 
simulation.  For this study, the densest grid possible was used without exorbitant run time. The 
2D mode simulation is primarily limited by the number of data points in the calculation. Since 
the 1D simulation is only examining one x value at a time, the data is far more robust.   
The 2D simulation is sensitive to the relative to the spacing of the points in the 
longitudinal versus transverse directions. By design, the refractive index profile in the 
longitudinal direction of a VCSEL varies more rapidly than the emission wavelength (hundreds 
of nm), so many points per wavelength are needed. However in the transverse direction the index 
profile varies over a much longer (few μm) length scale. The results in the previous two sections 
use the same number of grid points in the 1D and 2D simulations. With the difference of optical 
path length between the 21 and 25 period VCSELs, the longitudinal spacing is also different 
between the models. This feature means the data points between the two VCSEL models are not 
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aligned with one another.  The difference in point position will affect the calculated modal 
profiles, as depicted in Figure 17. For instance, the green curve in Figure 17 is the simulation 
results of the 25 period model with a similar point spacing to the 21 period model.  As apparent 
in Figure 17, the highest intensity points of each curve differ considerably from one another, and 
with sufficient grid offset the integrated longitudinal mode profiles will be affected.  For this 
reason, the volume integral of the entire 2D mode profile is not included in this study. 
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Figure 17:  Enlarged mode profile at 
the center of active region for the 
longitudinal mode antinode at the 
center of the active region. The red 
curve is for the 21 period VCSEL 
model and the blue curve is the 25 
period VCSEL model. The green curve 
is the 25 period model with the same 
grid spacing as used for the 21 period 
VCSEL model. 
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Chapter 4 
VCSEL Loss Characterization 
 This chapter will discuss the experimental measurements of the optical loss 
characteristics of VCSELs and will examine the dependence on total optical loss. To 
experimentally determine the effect of the number of upper DBR periods on a VCSEL, three 
VCSEL samples are fabricated by the method outlined in Chapter 2. The VCSEL samples are 
nominally identical, except for the number of periods in the upper DBR, which are specifically 
21, 23, and 25 periods and will be referred to by this distinction. The experimental 
characterization described here focuses on small devices with oxide aperture sizes ranging from 
6 μm down to 3 μm. The loss extracted from this range of sizes is more significant than at larger 
aperture sizes, due to the size dependence of the optical loss in oxide-confined VCSELs [1]. 
From the simulation results of the previous chapter, it was shown that the percentage of 
the longitudinal mode which overlaps the top DBR mirror increases with the number of DBR 
periods. It is also apparent from Figures 13(a) and 16(a) that the distribution of the longitudinal 
mode intensity significantly varies in the direction of propagation. Hence the hypothesis for the 
comparison of varying number of periods in the output DBR is that the total loss will increase for 
increasing DBR periods due to the longer path length and the increase of mode intensity in the 
top DBR mirror, despite the reduced mirror loss. An implicit assumption is that the laser must 
have sufficient reflectivity (DBR periods) such that the VCSEL can achieve lasing threshold. 
 
Experimental Spectrum Measurements 
To experimentally determine the effect of the number of upper DBR periods on the loss 
in a VCSEL, the emission spectrum of the three VCSEL samples is examined following the 
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procedure outline in [2-4]. The electrical and optical properties of the VCSEL samples are tested 
as a function of aperture size to produce a series of light versus injected current and applied 
voltage curves. From these curves, the threshold current can be determined for each device. 
Similar to the experimental procedure followed by Fryslie et al. [3, 4], the VCSELs are injected 
with approximately 0.9 times the threshold current and sub-threshold emission spectra are 
recorded. The motivation to use sub-threshold current is to probe the cold-cavity spectral modes 
without lasing saturation effects as well as to reduce the contribution of heating effects to the 
diode laser.  
As established by Sirani [2], when a VCSEL is injected with current below the lasing 
threshold the resulting spectrum can be related to the loss in a VCSEL. A simple optical fiber 
model is used to extract the loss from the sub-threshold spectra, specifically from spectral 
splitting equal to the difference between the lowest order transverse mode and the next higher 
order transverse mode in the emission spectrum of a VCSEL [2-4]. The next higher order mode 
is polarization degenerate, but often there is sufficient birefringence in the VCSEL cavity that the 
polarization degeneracy is lifted and thus the peak energies are averaged in determination of the 
spectral splitting. The spectral splitting is displayed in Figure 18 as a function of aperture size. 
The curves with the red squares, green triangles, and blue circles correspond to the 25, 23, and 
21 period samples respectively. The spectral splitting of all samples monotonically increases as 
the aperture size becomes smaller. In addition, it can clearly be seen that as the number of upper 
DBRs decreases the spectral splitting decreases.  For all cases the optical loss decreases to a 
constant value as the aperture size becomes large in the broad area laser limit [2-4]. 
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Spectral Splitting Uncertainty 
As mentioned previously in Chapter 2, the mask design used during the fabrication 
produced VCSELs with varying sized square oxide apertures. Since aperture size significantly 
influences device performance and loss characteristics, it is important to discuss the method of 
determining the aperture size. The square mesas on the mask have side lengths that differ by 
either 0.5 μm or 1.0 μm. Since the oxidation rate is assumed to be uniform across the wafer, all 
of the VCSEL mesas have equal oxidation length measured from the mesa sidewall, and the 
oxidation step is designed to completely oxidize the smallest mesas. Therefore, by testing 
electrical conductivity starting with the smallest mesas, the first mesa to conduct has the 
minimum oxide aperture of <0.5 µm on a side, and all subsequent mesas have known aperture 
size to within 0.5 μm. This approximation of aperture size introduces a systematic error in the 
data for each sample. However, for the data in Figure 18 this systematic error would simply shift 
Figure 18:  Graph of the experimentally measured spectral splitting as a function of 
oxide aperture size of VCSELs with 21 (red squares), 23 upper (green triangles), and 
25 (blue circles) upper DBR periods  
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the data horizontally, and thus the overall tendency of increased splitting for decreased aperture 
size is preserved. Furthermore, the objective of this study is a comparison, and not exact loss 
measurements. 
 
Loss Calculations 
To extract optical loss from the spectral splitting, Sirani et al. approximates the VCSEL 
as a cylindrical waveguide, taking a form similar to an optical fiber with a single cladding index 
surrounding a single core index.  Extending this model from a photonic crystal VCSEL [2] to an 
oxide-confined VCSEL by Fryslie et al., the core is defined by the un-oxidized current aperture 
of the VCSEL and the cladding is the surrounding oxidation extending to the mesa wall [3,4]. To 
calculate the spectral splitting the Helmholtz equation is solved in cylindrical coordinates: 
∇2𝑈(𝑟, 𝜙, 𝑧) + 𝑛2(𝑟)𝑘0
2𝑈(𝑟, 𝜙, 𝑧) = 0.    (3) 
In this equation, U is the electric field, n is the refractive index, and k0 is the wavenumber. The 
field can be separated into: 
𝑈(𝑟, 𝜙, 𝑧) = 𝑢(𝑟)𝑒−𝑖𝑚𝜙𝑒−𝑖𝛽𝑧   (4) 
where u are the eigenvectors,  m is a real integer, and β is the propagation constant. Plugging 
Equation (4) into (3) yields the equation: 
𝑑2𝑢
𝑑𝑟2
+
1
𝑟
𝑑𝑢
𝑑𝑟
+ (𝑛2(𝑟)𝑘0
2 − 𝛽2 −
𝑚2
𝑟2
) 𝑢(𝑟) = 0. (5) 
Using the boundary conditions, u(r), k0, and β can be determined. In order to account for optical 
loss arising from the oxide aperture, the refractive index surrounding the cavity, n, is allowed to 
be a complex number. In the finite element computation, the values of r are defined by a grid, 
with index j. The finite difference equation is used to approximate the derivatives:  
𝑢𝑗+1−2𝑢𝑗+𝑢𝑗−1
(Δ𝑟)2
+
𝑢𝑗+1−𝑢𝑗−1
𝑟𝑗2Δ𝑟
− (𝛽2 +
𝑚2
𝑟𝑗
2 ) 𝑢𝑗 = −𝑛𝑗
2𝑘0
2𝑢𝑗 .  (6) 
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Through some approximations, explained in depth by Sirani, this problem can be turned into an 
eigenvalue calculation of the form [2]: 
𝐴𝒖 = −𝑘0
2𝒖.    (7) 
For the m = 0 case, the matrix A is: 
[
 
 
 
 
 
 
 −
1
𝑛0
2 (
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4
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    (8) 
and for m > 0 case, the matrix A is: 
[
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.  (9) 
Solving the eigenvalue problem of Equation (7) yields the resonant wavelengths and the complex 
wavenumbers of the allowed optical modes. The resonant wavelengths for the two lowest energy 
modes yield the spectral splitting, while the wavenumber can be used to determine absorption 
loss through the equation: 
𝛼 = 𝐼𝑚{𝑘01} (10) 
where α is the field amplitude loss for the mode k01, the complex wavenumber from the 
computation of eigenvalue problem [1-3]. 
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Comparison of Experiment and Model Results 
In principle, with the effective index of the core and the experimental spectral splitting 
data as input to Equation (7), the imaginary part of the cladding index can be computed. This 
procedure works well to converge to a solution if the real part of n in the cladding can be 
independently determined [2]. For the case of oxide-confined VCSELs [3,4], this requires a 
fairly accurate accounting of the refractive index of the oxide layer, which can be difficult. 
However, it is the refractive index difference between the core and the clad which is important. 
Therefore in practice, a core index and an index contrast are assumed with varying values of 
imaginary component included, and the resulting spectral splitting is compared to the 
experimental results. 
For the samples studied here, the core index is taken as 3.248 [3,4]. The cladding index 
will differ by the index contrast with an imaginary part to be determined. A procedure slightly 
different from that of Fryslie et al. [3] is implemented. From the experimental data in Figure 18, 
it is observed that the spectral splitting (i.e. loss) reaches a constant, broad area value for 6.0 µm 
aperture size, and larger. Thus Equation (7) is solved and the cladding index confinement is 
varied (with no imaginary index component) until the measured and computed splitting agree. In 
this manner the index contrast of ~0.007 was determined. Next the core index and index contrast 
are used for the smaller aperture sizes, where in each case differing magnitudes of the imaginary 
component are added to the cladding index. 
A comparison of the simulations and the experimental data for the 21 period VCSEL 
sample is shown in Figure 19. The calculation with no imaginary component in the cladding 
refractive index was used to establish the index contrast between the core and clad regions.  
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Moreover, in Figure 19 the calculation without an imaginary component is always less than (or 
equal to) the measured results. Hence it can be concluded that for aperture sizes less than 6.0 µm, 
the size dependent loss becomes important [1], and an imaginary index component is necessary 
to achieve the observed spectral splitting. Furthermore, it can be concluded that an imaginary 
component as large as 0.015 is necessary to account for the enhanced confinement of the VCSEL 
with a 3.5 µm aperture. 
However, the calculation method appears to fail for the smallest aperture sizes. In Figure 
19 the calculated curve corresponding to an imaginary component of 0.015 does not converge for 
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Figure 19: Spectral splitting of the 21 upper DBR period sample as a function of aperture 
size. The blue curve (circles) corresponds to the experimental data; the black (triangles) 
and green (diamonds) curves are the calculated splitting with an imaginary component of 
the cladding index equal to 0 and 0.015, respectively. The dashed curve is the logarithmic 
extrapolation. 
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aperture size less than 4.5 µm, and with no imaginary component, the calculation does not 
converge for apertures less than 3.5 µm. This is in agreement with prior reports [3].  
The analysis is also performed for the 25 period VCSEL sample, plotted in Figure 20. 
The same values for the core effective index and index contrast are used in the evaluation. The β 
value for the 25 period sample is different than that of the 21 period sample due to the lasing 
wavelengths of the devices. Since the baseline curve with no imaginary component is determined 
from the 21 period sample, the experimental splittings are found to be greater than the 
simulation. Nevertheless, it is observed that an imaginary component of 0.020 is necessary to 
account for the splitting.  
For both the 21 and 25 period VCSELs with an oxide aperture less than 6.0 µm, the 
imaginary component of the refractive index is determined by matching experimental splitting 
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Figure 20: Spectral splitting of the 25 upper DBR period sample as a function of 
aperture size. The red curve (squares) corresponds to the experimental data. The black 
(triangles) and the green (diamonds) curves are the calculated splitting with an 
imaginary component of the cladding index equal to 0 and 0.020, respectively. The 
dashed curve is the logarithmic extrapolation. 
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measurements. The excess fundamental mode loss, defined by the imaginary part of the 
wavenumber k01, is shown in Figure 21. The red dashed curve with the unfilled square markers 
denotes the portion of the 25 period sample data that depends on the extrapolation of the 
calculated model values, as discussed above. The excess loss found for decreasing aperture size 
is as high as 13 cm-1. Since the values for k01 cannot be directly calculated, for each case 
requiring extrapolation the imaginary cladding index vs. model calculated spectral splitting is 
graphed. A linear approximation is performed to determine the imaginary cladding value. Then, 
the imaginary cladding index vs. model calculated k01 is graphed. A logarithmic curve fit and 
extrapolation is performed on this graph to determine the k01 value. 
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Figure 21: The fundamental mode loss as a function of aperture size for the 21 (blue 
circles) and 25 (red squares) period DBR samples. The dashed curve is extrapolated the 
loss. 
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Discussion of Experimental Results 
The VCSELs in this work have loss values similar to those reported by Fryslie [3]. 
However, the VCSELs fabricated in this work use dual oxidation layers, one on each side of the 
optical cavity, whereas the prior report was for a single oxide layer. The dual oxide aperture 
layers should yield higher loss than the designs currently used in industry. The loss is not 
calculated for the 23 period sample. The spectral splitting values for this sample fall between the 
splitting values for the 21 and 25 period cases and thus the loss for the 23 period case will also be 
between the values for the 21 and 25 period cases.  
Figure 21 shows that the loss is higher for the 25 period VCSEL compared to the 21 
period VCSEL. This is in agreement with the hypothesis arising from the optical mode 
simulations discussed in Chapter 3. However, the hypothesis is based on the 1D longitudinal 
mode calculation, which does not account for the transverse mode profile. Experimentally, the 
only dependence on the reflectivity is found for small aperture sizes. Therefore it is likely that 
the fundamental Gaussian mode size varies more at the top facet of the VCSEL, which has not 
been accounted for in Chapter 3. 
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Chapter 5 
Conclusion 
 This thesis has discussed the fabrication, simulation, and experimental testing of VCSELs 
with 21 and 25 upper DBR periods for the determination of excess loss characteristics.  The 
simulation of these two cases with the commercial software, LaserMOD, found the greatest 
differences in the longitudinal mode profile, where the optical path length and the percentage of 
the mode profile overlapping the output DBR mirror increase with increasing DBR periods. 
Hence increased DBR periods leads to increased optical loss. 
Three VCSEL samples with 21, 23, and 25 DBR periods in the upper output mirror were 
fabricated for experimental testing. The spectral splitting was measured for these samples and a 
loss analysis was performed using a simple fiber model to solve the Helmholtz equation. The 
extraction of excess loss from the spectral splitting demonstrates the 25 period VCSELs have 
higher loss than the 21 period VCSELs, confirming the hypothesis, and the difference in loss 
increases as the aperture size decreases. 
 The loss characterization in this work can be used as a guideline for future VCSEL 
designs, as it demonstrates how increasing the number of upper DBR periods in a VCSEL can 
hinder performance. Recently, VCSELs with small aperture sizes have been used for 
demonstrations of high modulation data rates exceeding 50 Gbps. For such applications 
mitigation of this excess optical loss may prove necessary.  
